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Abstract:
This paper uses an iterative model of the design activity to simulate
the evolution of product quality through the iterative cycles of synthesis and
modification inherent in the design process. The data from these
simulations is presented to motivate a discussion of design organization's
impact on the output from a design effort. The specific concerns addressed
are design time and design quality. The simulation compares a sequential
design activity to a concurrent or simultaneous process. It also
differentiates between two stages of the concurrent process. The model is
refined to allow a comparison between cross-functional teams and cross-
disciplinary knowledge. The conclusion we reach is that product quality
can be increased and design lead time reduced by implementing different
design structures. Suggestions are made for improved modeling and
understanding of factors which determine the best organization.
Introduction:
The development of new products is an important endeavor which
unifies many functional areas within a business. The development effort
requires input from diverse areas such as marketing, design, and
production. Experts in these separate areas must coordinate the use of
their knowledge to bring a product to market successfully. In the past, the
development effort commonly proceeded in a sequential manner, with
separate areas performing their functions before passing responsibility
along to the following function [7]. For example, in the design of an
automobile, one might first decide to design the engine. Once the engine
design is complete, the design effort might focus on designing a
transmission. The next step in the sequence might be developing a suitable
chassis, and so on until all the individual components have been designed.
This type of development process has some clear disadvantages. The
separation of design into distinct activities can lead to many difficulties.
Because each subsystem was designed in isolation, complications are likely
to manifest themselves when they are integrated into a system. As a result,
an upstream task may have to be repeated. For example, in designing an
engine, one may not have complete knowledge of the energetic
requirements demanded by the transmission design or the geometric
2constraints imposed by chassis or body design. This sequential approach to
product development is inherently iterative. That is, the sequential -
approach will generate, test, and revise many designs, until an acceptable
one is worked out.
Clearly, for each iteration, only a fraction of the tasks performed are
value-added activities. Numerous revisions can consume valuable
resources, and since no single revision is guaranteed to provide an
acceptable design, a significant fraction of the effort may be wasted. Even if
each functional area can perform its task quickly and efficiently, ocher
functional areas may force it to repeat the efforts multiple times until an
acceptable design is agreed upon.
These drawbacks have driven the evolution of the product
development process. In contrast to the iterative approach in which many
designs are proposed and revised, a currently popular development process
emphasizes producing a single design. This is accomplished through what
is commonly referred to as concurrent or simultaneous engineering [10].
This strategy relies on the formation of a cross-functional team which is
responsible for development from design through production. The team
works together designing the entire system which will be delivered to
market. The iterations prominent in the sequential approach are replaced
with negotiations within the product development team. The team
members can represent their functional areas early in the design process,
shortening the feedback loop and preventing downstream difficulties. The
shorter feedback which occurs within the team prevents the generation of
unacceptable designs to be revised later.
A potential drawback with this approach is that the size of the teams
may reach unwieldy proportions if all functional areas of expertise are to be
included. If a team is large it may take significantly longer to factor in all
considerations before a consensus can be met and a design is agreed upon
[11]. Along with the size comes the added burden of coordination [1].
Bringing multiple functional areas together is not sufficient to guarantee a
cooperative development effort. Coordination of efforts and communication
between functions can be difficult, especially in the case of highly
specialized functional areas [2]. The added burden of coordination must be
weighed against the benefits of identifying and eliminating problems in
real time.
One of the long-term benefits of the early feedback is the learning it
makes possible. The functional areas on the team share their expertise and
become sensitive to one another's constraints. As this knowledge becomes
integrated into the different functional areas, the cross-functional team
gains from the inception of cross-disciplinary knowledge. We suspect that
the additional benefit of this cross-disciplinary knowledge will be a
decreased lead time and perhaps an increase in product quality [6].
3The work presented here explores the differences between sequential
and concurrent approaches using a computer-based model of the design
activity. The model is used to simulate the different development
organizations outlined above. We develop an appropriate measure of
quality for development activities within a mechanical design setting and
compare the results of the sequential structure to the output from the cross-
functional team structure. The approaches are compared based on the
quality of the proposed design and how quickly such a design can be
achieved.
The first section describes the model of the design activity which was
used to simulate the different development organizations. The model is
used in two predictive capacities: (1) to estimate the relative quality of the
outputs from the design efforts, and (2) to predict the length of time required
by each of the two design organizations relative to one another. The results
of these simulations are reported in the second section. These simulations
provide data which allow us to speculate about which type of organization is
best suited for a particular design activity. These conclusions are presented
in the third section, along with recommendations for further research.
4Design Process Model
In order to simulate the different design organizations, it is
necessary to understand the differences between the development
approaches. For the discussion which follows, we find it convenient to
consider the simplified design iteration process using the block diagram
shown in Figure 1. The requirements for a design are input into the design
process and the output is evaluated according to a performance model. The
output of the performance model can be used to determine whether or not
the design has met the original requirements. If the design meets the
evaluation criteria, the design activity can be concluded; otherwise, the
errors are fed back and the process is repeated until an acceptable design is
proposed. The following sections will discuss the separate stages of this
synthesis/analysis loop.
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Figure 1. Iterative Design Process
Synthesis and Modification
Synthesis and modification of a design is the first activity
encountered in the design process pictured above. Different organizational
structures can be implemented and tested within the design synthesis
block. It is within this block that the design organization will be modified to
simulate both sequential design and concurrent engineering. In modeling
these two different organizational structures, we find that the most
prominent distinction between the serial and concurrent engineering
methods is the timing of information flow. Consequently, the descriptions
which follow will focus primarily on when and where information flow
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occurs within the synthesis and modification block for each of the different
organizational structures modeled.
Sequential Design Process
The schematic in Figure 2 illustrates the information flow found in a
sequential design organization.
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Figure 2. Sequential Synthesis Process
In the sequential configuration the separate functional areas do not
communicate directly with one another. Using the automobile example
above, Task A might be "Design Engine", followed by Task B, "Design
Transmission", and finally, Task C might be "Design Chassis and Body".
Each design task is performed in isolation and control is passed along from
one function to the next. This style of information flow allows each design
task to reach locally optimal decisions without any knowledge of the global
objective for the entire design function [8].
The feature to notice here is that information and control flow in one
direction within the design block. Because each receiving function has had
no input into the previous activity, it inherits any problems or difficulties,
and is powerless to negotiate any modification. Notice that the functional
areas communicate only through delayed feedback which addresses
complications only if they are significant enough to prevent the
development efforts from proceeding. The communication between the
functional areas occurs only through long loops of feedback via the
evaluation process.
Concurrent Design Process
The information flow attempted in a concurrent engineering
structure is depicted schematically in Figure 3. This illustrates the
simultaneous consideration of all functional areas involved in the design
and therefore conveys the notion of concurrent engineering [5]. This
approach moves the feedback upstream so that information can flow
directly between different design tasks. The team synthesizes a design
employing all areas of functional expertise simultaneously.
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Figure 3. Concurrent Design Process: Cross-Functional Team
The communication between functional areas occurs along shorter
paths and occurs more frequently than in the previous, sequential
organization. In the concurrent structure, all functional areas use their
expertise simultaneously to guide the design effort [4] However, this
organization requires an additional activity which we have included as a
coordination effort. This is a possible representation of the cross-functional
team in which a project leader is responsible for the coordination of
separate design tasks or functional areas. Notice that the flow of
information is not restricted to be one way.
Advanced Stages of Cross-Functional Teams
Finally, consider the situation which would evolve after the
functional areas had been in communication with one another for the
duration of a few design projects. The functional areas will have acquired
the necessary cross-disciplinary knowledge to make intelligent design
decisions which do not adversely affect the objectives of the other functional
areas. An ideal case in which the separate areas are able to design
simultaneously, without coordination, is pictured in Figure 4.
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Figure 4. Concurrent Design Process: Cross-Disciplinary Knowledge
Once the separate areas are aware of the objectives and constraints
which face the team as a whole, fewer objectionable design decisions will be
made. We hypothesize that much of the advantage of the cross-functional
team is the cross-disciplinary knowledge which it seeds in the separate
areas.
Design Domain
The description of the synthesis/modification block thus far has
contrasted the different types of design structure organization. In the
remainder of this section, the specifics of the design function domain are
presented.
To compare the different organizations within the design function
we developed a simple experiment which could be performed by the
computer. The design project is a simple task motivated by a design
experiment formulated by L. Bucciarelli [3]. The task submitted to the
design functions involved the configuring of a one dimensional array of
binary elements as depicted schematically in Figure 5. The actual array
used was a sequence of 40 binary elements which could be changed by any
one of three different design functions.
Figure 5. Design Domain for Simulations
The first function was responsible for eliminating clusters of
identical array elements. Clusters of more than three identical elements in
a row would be eliminated by this function. The second functional task was
responsible for the overall percentage of elements. The goal of this function
was to maintain a 60/40 mix of elements in the array. The final design task
addressed the relative layout of the elements. A higher cost was associated
with different adjacent elements than with identical adjacent elements.
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8The third function was responsible for keeping the sum of these costs over
the whole array from exceeding a certain amount.
The important characteristic which this design experiment
incorporates is that it requires these different functional areas to cooperate
in generating feasible designs. If any function is allowed to work in
isolation, it will produce unacceptable designs. This interdependence
between functional objectives must be resolved iteratively, but the
communication between the tasks can be organized to simulate both the
sequential and concurrent design processes.
Evaluation
The remaining block in the development process is the evaluation
function. The evaluation function takes a candidate design as input and
assesses some characteristic to determine whether to accept or reject it. If
the design is rejected, it is submitted for another round of modifications.
Overall, the array must be free of clusters, and fairly proportional in its
element content. Furthermore, the array must be configured to meet a
certain cost constraint.
In order to implement an evaluation function we required a single
composite score of the candidate design to determine whether it is
acceptable and meets the design criteria as specified. The score would be a
reflection of the candidate design's overall design quality.
In the domain of mechanical design it seems reasonable to evaluate
design quality based on adherence to specifications (i.e. design
requirements). Accordingly, the performance model was formulated to
assess the quality of a candidate design based upon how closely it meets all
of the specified requirements. If the requirements are met, quality does not
suffer; however, as the criteria are violated, the quality penalty is
increased. The quality losses summarized in Figure 6 represent the
penalty functions from each of the three functional areas. The total penalty
was computed and summed for each of the candidate designs to arrive at a
quality score. Based on this composite quality score, the design is either
accepted or submitted for another iterative round of modifications.
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Figure 6. Quality Loss Functions
Simulations
The design organization models presented above were simulated on a
computer using modular functions to represent each functional area. To
obtain the information flow found in sequential organization, the functions
were configured to perform their tasks without communicating with other
functions. In this configuration, responsibility for the design is
sequentially passed along from one function to another. After each area
has performed its task, a complete candidate design is submitted for
evaluation.
In a similar manner, the configuration of the the functions can be
made to resemble the information flow found in concurrent engineering.
In this case, the functions are permitted to work simultaneously on a
design. A function can propose changes at any time in the design function.
This configuration simulates the cross-functional team approach which
involves significantly more communication and negotiation. After the
team of functions has worked out an acceptable design, the design is
evaluated and assigned a quality score.
The final configuration simulates the situation in which cross-
disciplinary knowledge has been shared and learned by the various
functions. The functions in this organizational structure are coded to make
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only globally beneficial design changes. This is an advanced concurrent
engineering structure that we expect to emerge after the cross-functional
team has coordinated their design efforts and benefitted from cooperating
in a few design projects.
An identical set of design requirements was presented to all three of
these design configurations. Ten separate trials were performed using
each design configuration. The ten trials represented ten different initial
conditions used to initialize the synthesis/analysis loop. It is commonly
believed that the cooperative team organization produces acceptable designs
faster than the sequential organization, and that these designs are of
higher quality. Data was collected to test these assumptions. The data
generated from the simulations is summarized below.
"It
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Sequential vs. Concurrent
The firrt set of simulations was set up to compare the differences
between the sequential and concurrent design organizations. The design
task was first performed sequentially with one-way information flow
reflecting the configuration depicted in Figure 2. During the simulation,
we recorded the evolution of product quality for each iteration of the
design/analysis loop.
Similarly, the design configuration was altered to reflect the
information flow found in a cross-functional team. This organizational
structure pictured in Figure 3 was allowed to work on the same design
tasks as the sequential organization. The same information about the
evolution of design quality was recorded for each iteration within the design.
activity. The data for the sequential and cross-disciplinary team approach
is summarized in Figure 7. This plot charts the average quality of the
candidate designs at each iteration. The actual data has been smoothed to
obtain the curves shown.
Both design organizations were able to meet the design requirements
and produce acceptable designs, but the results above suggest that cross-
functional team cycles through more iterations within the design block
than the sequential approach. This result can lead to different conclusions
depending on how iterations are interpreted. Iterations may be viewed as
wasted effort since with each iteration, certain tasks that were performed
previously must be repeated. Alternately, the iteration within the design
activity can be viewed as constructive learning, during which the separate
functional areas discover one another's constraints. Iterations, therefore,
might contribute to a faster evolution of quality.
To test this last hypothesis, additional data was collected during the
simulations. The data which we recorded was a measure of time for each
of the design organizations. Time was measured by assigning a time
requirement to each design activity. When a function was utilized to
perform its component of the design activity, the clock was increased.
The plot in Figure 8 charts the evolution of the design quality over
time as measured during the execution of the design activity. The data
suggest two different results. Notice that in the early stages of the design
cycle, the sequential organization achieves a mid-level quality much sooner
than the cross-functional configuration. If the evaluation of candidate
designs were made to be less demanding, the lower quality would be
achieved more quickly using the sequential organization. However, during
the final stages of the design cycle, with the higher level of quality
demanded, the cross-functional team is able to formulate an acceptable
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design more quickly than the sequential approach. This result indicates
that iterations may contribute to a faster attainment of quality. In the
remainder of this section we explore a model which predicts the effect of the
increased communication and coordination which occurs as the number of
iterations in the design activity is increased.
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Figure 7. Comparison of Design Function Organization:
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Figure 8. Comparison of Design Function Organization:
Quality vs. Time
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Cross-Functional Teams Using Cross-Disciplinary Knowledge
We speculate that functions which participate in a cross-functional
design effort will benefit from the two-way flow of information. A possible
benefit of the additional iterations and early feedback is the learning which
can occur. As a functional area becomes aware of additional constraints
we expect the design organization to evolve into that pictured above in
Figure 4. The cross-disciplinary knowledge seeded during the iterations
should reduce the need for explicit coordination, and should reduce both the
number of iterations and the amount of time required.
The results reported in this section are collected from simulations in
which the concurrent organization is modeled in two different ways. The
first configuration is identical to the concurrent organization used in the
previous simulation in that it requires coordination between the different
functional areas. However, the second configuration attempts to
incorporate the advantages of cross-disciplinary knowledge. Each
functional area is aware of the constraints which must be met by other
areas and factors these into its design decision without negotiating and
coordinating. As a result, objectionable design decisions are minimized.
The number of iterations and the amount of time required to reach an
acceptable quality level was recorded for both of these stages of the
concurrent design organization and are presented below.
The plot in Figure 9 shows the evolution of quality with each iteration
for the cross-functional team which has benefitted from cross-disciplinary
knowledge. The data is plotted on the same graph with the curves from the
simulations above for easy comparison.
The effect of the cross-disciplinary knowledge has allowed the design
functions to eliminate any design decisions which would violate the
constraints of other functional areas and decrease quality. Consequently,
the quality of the product design is non-decreasing for each iteration of the
design process.
For this simulation, the same clock was used to measure the time
required by the different cross-disciplinary organizations modeled. The
data presented in Figure 10 compares the evolution of design quality for
these design organizations. The results confirm that this advanced stage of
a cross-functional team utilizing cross-disciplinary knowledge is able to
significantly decrease the product development lead time.
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Figure 10. Comparison of Concurrent Engineering Teams
Quality vs Time
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Discussion
The data above suggest that the different design organizations have
advantages and disadvantages. The sequential approach in which
communication occurs only through long feedback loops, is demonstrated
to require the most amount of time for each of the iterations it cycles
through. The concurrent approach which involves cross-functional teams
moves the feedback upstream to prevent problems and reduce the overall
time required, in spite of a greater number of iterations. However, there is
a longer term advantage in the evolution of the cross-functional team
leading to a sharing of cross-disciplinary knowledge. It is this advanced
stage of the cross-functional team holds the biggest potential for reduction
in product lead time.
The results obtained from these simulations motivate the discussion
of design organization's impact on actual design activities. The results
were collected by presenting the design organizations with a single type of
design problem. The conclusions might change if the design task were
altered. For example, if the cost of communication between functional
areas were higher, the cross-functional team approach, with many
iterations, may have taken longer than the sequential organization of
design. What the model suggests is that there are different types of design
problems which are best approached using specific design organizations.
It might be useful to characterize different parameters of the
particular design problem before deciding which type of organization is
most appropriate [9]. If certain parameters could be estimated, it would be
possible to perform some form of trade-off analysis. A critical parameter to
estimate might be the cost of communication. This would be compared to
the benefits of the communication. The extra coordination may have
advantages in terms of increased design quality or consensus building, but
could contribute to overall design lead-time.
In any design analysis, the relationship between the functional areas
must be considered. The degree of overlap in the design domain will
greatly affect the need for coordination of different design tasks. Tasks with
little or no overlap might be performed in parallel to further speed the
development effort; conversely, tasks with many linkages should be
coordinated to prevent lengthy rounds of modifications and adjustments. It
may be difficult to parameterize design tasks strictly along these measures,
but general classifications should allow an intelligent choice of an
appropriate design organization.
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Conclusion
This paper has demonstrated that the design organization can have
significant impact upon the product development lead time and the overall
product quality. The question which arises is whether the impact is
generalizable for all design problems. We speculate that the results will
vary largely depending on the characteristics of the task. A possibility for
future work would be to study which design characteristics are critical in
determining design performance for the various design organizations. The
interaction between these parameters will permit informed decisions on
how to organize the design effort to meet the specific needs of the design
problem being addressed.
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